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Abstract
A dynamical aspect of quantum gravity on de Sitter spacetime is investi-
gated by holography or the dS/CFT correspondence. We show that de Sitter
spacetime emerges from a free Sp(N) vector model by complexifying the ghost
fields and flowing them in parallel to the imaginary axis. We confirm that the
emergence of de Sitter spacetime is ensured by conformal symmetry. We also
compute the quantum corrections to the cosmological constant up to the next-
to-leading order of the 1/N expansion in a proposed holographic approach. As
a result the sub-leading corrections have the opposite sign to the classical value.
This implies that a quantum gravity on de Sitter spacetime is perturbatively
stable and quantum effects make the universe flatter and the cosmological con-
stant smaller.
∗shuichi.yokoyama[at]yukawa.kyoto-u.ac.jp
1 Introduction
Observation of high redshift supernova [1, 2] and cosmic microwave background [3, 4] in-
dicates the accelerating expansion of the current universe with non-zero vacuum energy.
Vacuum energy in the universe, which may have dominated at early times to induce the
inflationary expansion [5, 6], is currently observed to be much smaller than the expected
particle physics scale [7]. This mystery known as the cosmological constant problem has
stimulated theoretical physicists to invent various new ideas and approaches [8–11], but
still remains unsolved.
An innovative method to explore quantum gravity has been proposed known as holog-
raphy, which realizes gravitational theory on a manifold by quantum field theory on its
boundary [12, 13]. Holography for a gravitational theory on de Sitter spacetime has been
proposed [14], in which dual quantum field theory at boundary is some conformal field
theory (CFT) as in the case of the holography for AdS [15]. In the dS/CFT correspon-
dence, CFT is defined on Euclidean space and non-unitary. It has been claimed that the
time emerges from a renormalization group flow at boundary [16] as the emergence of an
AdS radial coordinate from CFT [15, 17], and that a bulk wave function at late times is a
generating function in CFT at boundary [18]. (See also [19–25] for other earlier studies.)
A concrete example of the dS/CFT correspondence has been put forward [26], which
claims that a higher spin gravity theory on de Sitter spacetime corresponds to the singlet
sector of a conformal Sp(N) vector model at boundary in the large N limit. This proposal
may be viewed as the dS/CFT version of higher spin/vector model duality [27] including
cases for interacting theories [28, 29]. (See also [30–32].) The non-unitary nature of an
Sp(N) vector model comes from the fact that the system consists of Grassmann-valued
scalar fields [33–35]. This proposal enables one to test the dS/CFT correspondence or
higher spin/Sp(N) vector model duality by explicit large N calculation. (See [36–38] for
related studies.)
Recently a new approach for holography has been proposed [39–42], in which a holo-
graphic direction is emergent from a flow equation that coarse-grains operators non-locally
[43,44]. This flow equation approach makes it possible to construct a bulk gravitational the-
ory explicitly, and turns out not to be restricted to AdS nor to classical geometry [45–48].
The aim of this paper is to combine the proposals and techniques mentioned above to
construct de Sitter spacetime and shed light on a dynamical aspect of quantum gravity on
de Sitter spacetime from the holographic viewpoint.
The rest of this paper is organized as follows. In section 2, we briefly study a free Sp(N)
vector model and discuss complexification of a general Sp(N) vector model for later use.
In section 3.2 we flow the complexified Sp(N) ghost fields in parallel with the imaginary
axis. We show that this smearing leads to the emergence of de Sitter spacetime. We give
comments on a relation between the holographic metric and an information metric and
on the emergence of de Sitter spacetime from the symmetry perspective. In section 4 we
compute quantum corrections to the cosmological constant up to the next-to-leading order
in the 1/N expansion. The last section is devoted to discussion. In appendix A we give a
derivation of a key formula in the main text.
1
2 Sp(N) vector model
Following the proposal of the dS/CFT correspondence [26] we start with a free Sp(N)
vector model on a general d-dimensional Euclidean space, where N is an even number and
d is greater than 2.1 The action is given by
S =
∫
ddx
1
2
Ωabδ
jk∂jχ
a∂kχ
b, (2.1)
where χa (a = 1, · · · , N) denote the Grassmann-valued scalar fields and Ωab is the invariant
tensor of Sp(N) of symplectic form
Ωab =
(
0 1N
2
×N
2−1N
2
×N
2
0
)
. (2.2)
From this action, the propagator of the scalar field is computed as
〈
χc(x1)χ
b(x2)
〉
= Ωcb
C
(x212)
d
2
−1 , (2.3)
where C =
Γ(d
2
−1)
4pi
d
2
, Ωcb = Ωbc, x
k
12 := x
k
1 − xk2 , X2 = XkXk.
Since Grassmann-valued scalar fields are ghosts, which disobey the spin-statistics theo-
rem, Sp(N) vector models with or without self-interaction are generally non-unitary quan-
tum field theories. We define a quantum theory of Sp(N) ghost fields by path integral.
Practical evaluation of the path integral is done by the saddle point method, in which the
integration contour should be deformed suitably in the complex plane. For convenience
of later discussion, although the theory is originally defined on Euclidean space, we com-
plexify both the base space coordinates and the ghost fields so that the contours of the
path integral can be deformed in complex domains in a certain way [49,50].2 We denote a
complex coordinate corresponding to a real coordinate by its bold letter and its imaginary
part by the same letter with check:
xk → xk = xk + ixˇk. (2.4)
The ghost fields are notationally intact. Accordingly the action and observables are ex-
tended in a holomorphic fashion. Then the two point function given in (2.3) is now extended
for the complexified ghost fields to
〈
χc(x1)χ
b(x2)
〉
= Ωcb
C
(x212)
d
2
−1 . (2.5)
1 In this paper we mainly focus on a free theory, in which case the restriction of the dimension is
required for a general analysis. Two dimensional free theories need to be analyzed separately.
2 It is known that the complex Langevin method does not always give a correct prescription to deform
integration contour in a convergent manner [51,52]. This method can be improved by the Lefschetz thimble
method [53, 54], which determine correct thimbles for the contour to be deformed for convergence. See
also [55–59].
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Note that the holomorphically extended theory enjoys the complexified conformal symme-
try
δconfδx χ =− δxk∂kχ−
d− 2
2d
∂kδx
kχ (2.6)
with δxk = ak+ωkjx
j+λxk+bkx2−2xk(bjxj). This determines the coordinate dependence
of the two point function (2.5).
3 Imaginary flow and emergent conformal time
Let us consider the construction of de Sitter spacetime from Sp(N) vector models formu-
lated in the previous section by the flow equation approach. To this end the first thing
to do is to choose an appropriate flow equation for Sp(N) ghost fields. We know that the
same flow equation as used previously leads to emergence of Euclidean AdS from a general
result [42], so we need to change a flow equation suitably. One naive guess may be to flip
the sign of the flow parameter because the de Sitter metric is obtained by the analytic
continuation of Euclidean AdS:
− ∂
∂s
χa(x; s)
?
= ∂2χa(x; s), (3.1)
where s is a positive number corresponding to a flow parameter, and ∂2 = ∂k∂k. However
this is not allowed since the resulting flowed operator is no more well-defined to give a
finite correlation function.
Then what is a correct flow equation for de Sitter spacetime to emerge? Our answer is
to complexify the theory as explained in the previous section and flow the ghost operators
in parallel to the imaginary axis:3
∂
∂ξ
χa(x; ξ) = ∂ˇ2χa(x; ξ), (3.2)
where ∂ˇk := ∂xˇk . We refer to this flow as an imaginary flow and the conventional one as
a real flow. This is solved by the convolution with a gaussian in terms of the imaginary
coordinates:
χa(x; ξ) =
∫
Rd
ddxˇ′ρ(xˇ, xˇ′; ξ)χa(x+ ixˇ′), ρ(xˇ, xˇ′; ξ) =
e−
(xˇ−xˇ′)2
4ξ
(4piξ)
d
2
. (3.3)
3 This is very similar to construction of bulk local operators from CFT known as the HKLL construction
[60] in the regard to require the complexification of the boundary coordinates for smeared operators not to
be divergent. Differences of two ways of smearing are not only in the smearing functional but also in the
smearing region: In the HKLL case, the smearing domain is restricted to a causal wedge diamond, while
in the imaginary flow here operators are smeared fully in the imaginary part. The relation between the
two methods is not clarified yet. The author would like to thank Tatsuma Nishioka for valuable discussion
on this point.
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We claim that the smeared operators by the imaginary flow are well-behaved for an arbi-
trary real coordinates xk and any positive flow parameter ξ if the smeared operators are
inserted with sufficient separation with respect to the imaginary coordinates. Let us see
this by computing the two point function. The result is
〈
χa(x1; ξ1)χ
b(x2; ξ2)
〉
=
Ωab
id−2(ξ1 + ξ2)
d−2
2
F (
(xˇ12 − ix12)2
ξ1 + ξ2
), (3.4)
where F (s) is defined by
F (s) =
1
(4pi)
d
2
∫ 1
0
dve
−sv
4 v
d
2
−2. (3.5)
We derive (3.4) in appendix A. It is clearly seen that the two point function reproduces
the original correlation function in the limit ξ1, ξ2 → 0 if we consider |xˇk12| > |xk12|.
Notice that the two point function (3.4) is finite in the contact limit (xk2, ξ2)→ (xk1, ξ1).4
This property enables us to define a metric operator using a normalized field [39–41]
σa(x; ξ) =
χa(x; ξ)
(〈χc(x; ξ)Ωcbχb(x; ξ)〉) 12
. (3.6)
5 For later use, we write down the two point function of the normalized field
〈
σa(x1; ξ1)σ
b(x2; ξ2)
〉
= −Ω
ab
N
(
√
4ξ1ξ2
ξ1 + ξ2
)
d−2
2
F ( (xˇ12−ix12)
2
ξ1+ξ2
)
F (0)
. (3.7)
Using this normalized field, we define the metric operator by contracting the Sp(N) indices
as
gˆµν(x; ξ) =− ∂µσa(x; ξ)Ωab∂νσb(x; ξ), (3.8)
where ∂µ := ∂Xµ with X
µ := (xk, η), η ∝ √ξ, so that η has one length dimension. The
overall minus sign is a convention. Then the metric in the holographic space is defined by
the vacuum expectation value (VEV) of this metric operator with the imaginary coordi-
nates set to zero:6
ds2 = lim
xˇk→0
〈gˆµν(x; ξ)〉 dXµdXν . (3.9)
4 To be consistent with the separation of inserted smeared operators described above, the contact limit
is taken first for the original real coordinates and the flow parameter (xk2 , ξ2) → (xk1 , ξ1) and subsequently
for the imaginary coordinates xˇk2 → xˇk1 .
5The normalization factor is computed as
〈
χc(x; ξ)Ωcbχ
b(x; ξ)
〉
= 4Nξ
id(8piξ)
d
2 (d−2)
.
6In most practical cases, the system enjoys the translational symmetry. In this case the holographic
metric is independent of the xk coordinates, so that it does not need to set the imaginary coordinates to
zero.
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The VEV of the metric operator is computed as
〈gˆξξ(x; ξ)〉 =− d− 2
8ξ2
, 〈gˆij(x; ξ)〉 = −δij
ξ
F ′(0)
F (0)
, (3.10)
and other components vanish. Plugging this back to (3.9) gives
ds2 =(−d− 2
8ξ2
dξ2 − F
′(0)
F (0)
1
ξ
(dxk)2). (3.11)
Using (3.5) we find F
′(0)
F (0)
= −d−2
4d
. Therefore setting η =
√
2dξ we find that the holographic
metric becomes
ds2 =
d− 2
2
(−dη2 + (dxk)2
η2
)
. (3.12)
This is nothing but the metric of de Sitter spacetime with the radius
√
d−2
2
and the (con-
formal) time η. As a result, de Sitter spacetime emerges from an Sp(N) vector model via
the imaginary flow.
3.1 Relation to information metric
In the previous study using a real flow, the holographic metric for Euclidean CFT, which
generates an Euclidean AdS metric, can be regarded as an information metric [42]. In
the current case using the imaginary flow, we show that the holographic metric becomes
de Sitter one. This means that it is not positive definite any more. Then can it still be
regarded as the information metric?
To answer this, let us trace the argument in [42] and apply it to the present case. For
this purpose we recall the information metric or the Bures metric in an arbitrary quantum
mechanical system, which is defined by
D(ρ, ρ+ dρ)2 =
1
2
tr(dρG), (3.13)
where ρ and ρ + dρ are density matrices in the system, and G is an Hermitian 1-form
operator to satisfy an equation
ρG+Gρ = dρ. (3.14)
It is known that this gives a well-defined metric for the space of density matrices in the
system.
Let us consider an Sp(N) vector model and flow the Sp(N) vector matter by the
imaginary one as in (3.2).7 Then the quantity
ρX = σ
a(x; ξ)|0〉Ωab〈0|σb(x; ξ), (3.15)
7The discussion in this subsection can be applied to any Sp(N) vector models with or without self-
interaction.
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where |0〉 is the vacuum of the system, becomes a density matrix thanks to the normaliza-
tion condition (3.6):
trρX =
〈
σa(x; ξ)Ωabσ
b(x; ξ)
〉
= 1. (3.16)
It can be also shown that ρ2
X
= − 1
N
ρX . Therefore if we define GX = −NdρX , then
this is a Hermitian 1-form operator to satisfy ρX GX + GX ρX = dρX . In this setup, the
information metric is computed as
D(ρX , ρX + dρX)
2 = −〈gµν(x; ξ)〉 dXµdXν , (3.17)
where we used dρX = dX
µ∂µρX . As a result, the information metric agrees with the
holographic metric given by (3.9) up to a signature after sending the imaginary coordinates
to zero. The holographic metric can be interpreted as an information metric even in a non-
positive definite case.
3.2 Isometry from conformal symmetry
It can be shown that the emergence of de Sitter spacetime from a free Sp(N) vector model
via the flow equation approach presented above is guaranteed by conformal symmetry at
boundary as in the AdS case [42].8
Let us see this briefly. To this end we compute the complexified conformal transforma-
tion (2.6) for the normalized field given by (3.6):
δconfσa =− (ξ∂ˇ2δxk + 2ξ2∂ˇj ∂ˇkδxk∂ˇj ∂ˇk + 2ξ∂ˇjδxk∂ˇj + δxk)∂kσa − d− 2
2d
(2ξ∂ˇj∂kδx
k∂ˇj + ∂kδx
k)σa.
Using the explicit form of δxk and the flow equation (3.2), ∂ξσ
a = (d−2
4ξ
+ ∂ˇ2)σa, we rewrite
this as
δconfσa =− 2ξλ∂ξσa + 4ξ(bkxk)∂ξσa − 4ξ2bj∂j(∂ξ + d− 2
4ξ
)σa − (δxk − 2ξ(d− 2)bk)∂kσa.
There exists a higher derivative term for a special conformal transformation. Thus it
cannot be regarded as an infinitesimal diffeomorphism in this form, so we separate into
one derivative terms and higher derivative ones, δconfσa = δdiffσa + δextraσa, where
δdiffσa =(−2ξλ+ 4ξ(bkxk))∂ξσa − (δxk − 2ξ(d− 2 + a)bk)∂kσa, (3.18)
δextraσa =− 4ξ2bj∂j(∂ξ + d− 2 + 2a
4ξ
)σa. (3.19)
Here a is a constant to be determined to satisfy
〈
δdiff gˆµν(x; ξ)
〉
= 0. This is equivalent to
the condition
lim
X2→X1
∂Xµ1 ∂Xν2
〈
δextraσa(x1; ξ1)Ωabσ
b(x2; ξ2) + σ
a(x1; ξ1)Ωabδ
extraσb(x2; ξ2)
〉
= 0, (3.20)
8The symmetry argument in this subsection is not restricted to a free case, and can be extended to
an arbitrary CFT by replacing the ghost field χ and its conformal dimension d−22 with an scalar primary
operator of a general dimension as in the AdS case.
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since a correlation function is invariant any conformal transformation
〈
δconf gˆµν(x; ξ)
〉
= 0.
Employing (3.7) we can compute the average in the right hand side of (3.20) as〈
δextraσa(x1; ξ1)Ωabσ
b(x2; ξ2) + σ
a(x1; ξ1)Ωabδ
extraσb(x2; ξ2)
〉
=4
(2
√
ξ1ξ2)
d−2
2
(ξ1 + ξ2)
d
2
+2
(ξ21 − ξ22)2bkxk12x212
F ′′( −x
2
12
ξ1+ξ2
)
F (0)
− (4− 2a)(ξ1 − ξ2)(2
√
ξ1ξ2)
d−2
2
(ξ1 + ξ2)
d
2
2bkx
k
12
F ′( −x
2
12
ξ1+ξ2
)
F (0)
.
This shows that the condition (3.20) is satisfied if and only if a = 2. In this case, the
holographic metric (3.9) is invariant under the following infinitesimal diffeomorphism
δ¯xk =δxk − 2ξdbk, δ¯ξ = 2λξ − 4ξbjxj , (3.21)
where we set the imaginary coordinates to zero. By using the conformal time η this can
be rewritten as
δ¯xk =δxk − η2bk, δ¯η = λη − 2ηbjxj . (3.22)
This is nothing but the isometry transformation of de Sitter spacetime. Since the de Sitter
spacetime is maximally symmetric, the isometry restricts the coordinate dependence of the
metric completely as in (3.12).
4 Quantum corrections to the cosmological constant
In the flow equation approach, holographic computation of quantum corrections to a cos-
mological constant in the bulk is clarified, and the explicit calculations were carried out
up to the next-to-leading order for a dual bulk theory to a free O(N) vector model [46].
Following this procedure we compute the one loop corrections to the cosmological constant
for a dual bulk theory to a free Sp(N) vector model.
To this end, it is convenient to introduce pre-geometric operators, which are given from
a usual geometric object known in differential geometry by replacing the metric tensor
with the metric operator. For example, the Levi-Civita connection operator and curvature
operators are defined by
Γˆµρν(x; ξ) =
1
2
gˆµσ(x; ξ)(gˆσ{ν,ρ}(x; ξ)− gˆνρ,σ(x; ξ)),
Rˆρσ
µ
ν(x; ξ) =∂[ρΓˆ
µ
σ]ν(x; ξ) + Γˆ
µ
[ρλ(x; ξ)Γˆ
λ
σ]ν(x; ξ),
Rˆicσν(x; ξ) =Rˆµσ
µ
ν(x; ξ),
Rˆ(x; ξ) =gˆσν(x; ξ)Rˆσν(x; ξ), (4.1)
where gˆµσ(x; ξ) is the inverse of the metric operator gˆµσ(x; ξ), which exists at least pertur-
batively, and X{x,y} := Xx,y +Xy,x, X[x,y] := Xx,y −Xy,x. First let us compute the VEV of
the Einstein tensor operator up to the next-to-leading order of the 1/N expansion:
Gˆµν(x; ξ) = Rˆµν(x; ξ)− 1
2
gˆµν(x; ξ)Rˆ(x; ξ). (4.2)
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In the leading order of the 1/N expansion, the VEVs of these operators are identical to
the classical values of d+1 dimensional de Sitter spacetime.9 In particular, the VEV of the
Einstein tensor is Gµν = −Λgµν , where Λ = d(d− 1)/(2L2dS) is the cosmological constant
with LdS the de Sitter radius classically given by LdS =
√
(d− 2)/2.
In the next-to-leading order, we need to perform the covariant perturbation for the
metric operator. Since the general framework is fully developed in [46], here we explain
only the main results and skip the detail of lengthy computations. We perturb the metric
operator as gˆµν = gµν + hˆµν , where gµν = 〈gˆµν〉, and expand the pre-geometric operators
in terms of the fluctuation field hˆµν . Since the one point function of hˆµν vanishes, the
corrections starts from the quadratic order. The quadratic order of the Einstein tensor
operator reads [46]
G¨µν =R¨icµν − 1
2
hˆµνR˙− 1
2
gµνR¨, (4.3)
where
R˙ =−∇2hˆνν + hˆµν ;µν − hˆνσRicνσ,
R¨icσν =
1
2
[−∇µ{hˆµκ(hˆκ{ν;σ} − hˆνσ;κ)}+∇σ{hˆµκ(hˆκ{ν;µ} − hˆνµ;κ)}]
+
1
4
[hˆµµ;ρ(hˆ
ρ
{ν;σ} − hˆνσ ;ρ)− (hˆµ{σ;ρ} − hˆσρ;µ)(hˆρ{ν;µ} − hˆνµ;ρ)],
R¨ =gνσR¨icσν +
1
2
hˆνσ(∇2hˆσν − 2hˆµσ;νµ + hˆµµ;νσ) + hˆρσhˆσνRicνρ.
Here ∇µ is the covariant derivative defined by the background metric gµν and we denote
X;µ = ∇µX . The VEV of each term can be computed from two point functions of hˆµν and
9Explicitly, Γµνρ =
gµηgνρ−δ
µ
{ν
δ
η
ρ}
η
, Rρσ
µ
ν =
δ
µ
[ρ
gσ]ν
L2
dS
, Ricµν = d
gµν
L2
dS
, R = d(d+1)
L2
dS
.
8
its covariant derivatives. The result is10〈
R¨icµν
〉
=− 2d
(d− 2)N gµν ,
〈
hˆµνR˙
〉
=
8d
N(d− 2)gµν ,
〈
R¨
〉
=
−2d(1 + d)(2 + d)
N(d− 2) . (4.4)
Using these we obtain 〈
G¨µν
〉
=
d(d− 1)(d+ 4)
N(d− 2) gµν . (4.5)
This result in fact is formally the same as the corresponding quantity computed in a free
O(N) vector model [46]. The intuitive reason for this is as follows. The AdS metric and
the dS one are related by the analytic continuation of the AdS radial direction z to the
conformal time z = iη (with an overall minus sign). The next-to-leading correction of the
Einstein tensor has one warp factor, thus it gets one minus by the analytic continuation.
This minus sign cancels the other one which comes from the one loop of the ghost fields.
As a result, the next-to-leading corrections contribute to the VEV of the Einstein tensor
with the opposite sign compared to the leading contribution:
〈Gˆµν〉 = d(d− 1)
d− 2 gµν(−1 +
d+ 4
N
). (4.6)
We interpret the expectation value of the Einstein tensor as the on-shell stress energy
tensor in a dual bulk theory: 〈Gˆµν〉 = T bulkµν . The holography is a duality such that there
exists one-to-one correspondence between a normalizable solution of a bulk gravitational
theory and a state in a dual boundary CFT [61–63]. This requires the on-shell stress-
energy tensor corresponding to the CFT vacuum state to consist only of the cosmological
10 The following data, which is computed by mathematic, is used for the next-to-leading computation.〈
hˆµν hˆρσ
〉
= −g{µρgν}σ
N
,
〈
hˆµν;ω hˆρσ
〉
= 0,〈
hˆµν;ωhˆρσ;κ
〉
= −
〈
hˆµν;ωκhˆρσ
〉
=
i#(d− 2)2
8(d+ 2)Nη6
[
(d+ 1)2{2δκωδµσδνρ + δκσδµωδνρ + 2δκωδµρδνσ + δκρδµωδνσ + δκσδµρδνω + δκρδµσδνω
+ δκνδµσδρω + δκµδνσδρω + δκνδµρδσω + δκµδνρδσω}
+ (d+ 1){−4δκωδµσδνρ − 4δκσδµωδνρ − 4δκωδµρδνσ − 4δκρδµωδνσ − 4δκσδµρδνω − 4δκρδµσδνω
+ 2δηνδηωδκσδµρ + 2δηρδηωδκνδµσ + 2δηνδηωδκρδµσ + 2δηνδηρδκωδµσ + 2δηµδηωδκσδνρ + 2δηρδηωδκµδνσ
+ 2δηµδηωδκρδνσ + 2δηµδηρδκωδνσ − 2δκνδµσδρω − 2δκµδνσδρω − 2δκνδµρδσω − 2δκµδνρδσω}
− 2δηνδηωδκσδµρ − 2δηρδηωδκνδµσ − 2δηνδηωδκρδµσ − 2δηνδηρδκωδµσ − 2δηµδηωδκσδνρ + 2δκωδµσδνρ
+ 2δκωδµρδνσ − 2δηρδηωδκµδνσ − 2δηµδηωδκρδνσ − 2δηµδηρδκωδνσ
− δκσδµωδνρ − δκρδµωδνσ − δκσδµρδνω − δκρδµσδνω + δκνδµσδρω + δκµδνσδρω + δκνδµρδσω + δκµδνρδσω
+ 2d
{
δησδκω(δηνδµρ + δηµδνρ) + δησδηω(δκνδµρ + δκµδνρ)
+ δηκ(2δηωδµσδνρ + δησδµωδνρ + 2δηωδµρδνσ + δηρδµωδνσ + δησδµρδνω + δηρδµσδνω)
+ δην(−3δησδηωδµρ + δσωδµρ − 3δηρδηωδµσ + δµσδρω) + δηµ(−3δησδηωδνρ + δσωδνρ − 3δηρδηωδνσ + δνσδρω)
}]
,
where # is the number of η contained in the Greek indices.
9
constant term: T bulkµν = −Λgµν . Putting all together the cosmological constant and the de
Sitter radius are determined up to the next-to-leading order as
Λ =
d(d− 1)
d− 2 (1−
d+ 4
N
), L2dS =
d− 2
2
(1 +
d+ 4
N
). (4.7)
In the higher spin/vector model correspondence, 1/N is identified with the Newton constant
as 1/N ∼ ~GN/Ld−1dS , and the 1/N expansion is interpreted as the loop expansion of the
bulk fields in a dual gravity theory. Under the assumption of the correspondence between
a free Sp(N) vector model and a free higher spin theory with all even spins, the above
result is identified with one loop corrections coming from vacuum bubble diagrams of the
higher spin fields in the free higher spin theory on de Sitter spacetime.
In conclusion, the holography by the flow equation method implies that the next-to-
leading quantum corrections make de Sitter spacetime flatter and the cosmological constant
smaller.11
5 Discussion
We have investigated the dS/CFT correspondence using a free Sp(N) vector model and a
flow equation. To this end we have complexified the system and flowed the Sp(N) ghost
fields in parallel with the imaginary axis. As a result de Sitter spacetime has emerged
with a flow parameter related to the conformal time in a suitable fashion. We have shown
that this result is ensured by conformal symmetry and the holographic metric can still be
interpreted as an information metric even in a case with a non-positive definite metric. We
have also computed the vacuum expectation value of the Einstein tensor operator up to
the next-to-leading order of the 1/N expansion. We have found that the 1/N corrections
contribute to the cosmological constant in the opposite sign to the classical value, which
suggests that quantum effects of gravity tend to flatten de Sitter spacetime.
In section 3.1 we showed that the holographic metric to encode de Sitter spacetime
can be regarded as an information metric even for a non-positive definite one. This non-
positive definiteness is related to non-unitary nature of Sp(N) vector models. However,
it was pointed out that there exists a unitary operator to define an inner product which
preserves under Hamiltonian dynamics of an Sp(N) vector model [26, 35, 65]. It would be
fascinating to explore the relation of this inner product to the information metric studied
in this paper. (See also [66].)
In section 4 we computed the one loop corrections to the cosmological constant in
a free higher spin theory in de Sitter spacetime, which has the contribution with the
opposite sign to the classical value. Implication of this result to quantum gravity on de
11 Backreaction of a class of gravitational theories on constant curvature background has been very
recently computed by the holographic renormalization group flow [64]. It was found that the backreaction
effect always decreases the bare cosmological constant in de Sitter spacetime, which is consist with the
conclusion of this paper. The author would like to thank Elias Kiritsis for making him aware of the relevant
reference.
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Sitter spacetime is two-fold, which is based on a universal feature of the proposed dS/CFT
correspondence. One is for its nature to incline for flatness. As long as a boundary CFT
corresponding to gravity theory on de Sitter spacetime consists of ghost vector matter, the
next-to-leading corrections to the cosmological constant seem to be negative in general by
the argument given in this paper. It would be interesting to study whether this property
holds including higher order corrections and explore the possibility for quantum effects to
be an alternative solution of the flatness problem in the very early universe. The other is
for its perturbative stability: A free higher spin gravitational theory on de Sitter spacetime
is stable at least perturbatively. We suspect that this property holds in an interacting case
as long as it is weakly coupled. However there is a conjecture that higher spin theories
on de Sitter spacetime become unstable once non-perturbative corrections are taken into
account [37, 38]. This conjecture has been made by computing a wave function of higher
spin theories from Sp(N) vector models on some compact manifolds and analyzing its
divergent structure. It would be interesting to see such a non-perturbative instability from
the flow equation approach.
We argued that quantum corrections to the cosmological constant come from one loop
vacuum bubble diagrams of higher spin fields, which are divergent in general. This suggests
that a regularization scheme and a subtraction one in the bulk, which should be done in
a covariant manner [67], are automatically specified once a flow equation is fixed. This
situation is very similar to that of a gauge fixing for diffeomorphism in the bulk [48]. It is
highly important to confirm the result presented in this paper by explicit computation of
the one loop diagrams of higher spin fields.
In this paper we mainly focused on a free Sp(N) vector model. It is natural to extend
this study to an interacting case. (See also [68–70].) For example, one can introduce a
double trace coupling to trigger the renormalization group flow. In three dimensions there
exists the Wilson-Fischer fixed point, at which a theory achieves the conformal symmetry.
It is conjectured that this CFT is dual to a free higher spin theory with the alternative
boundary condition. Furthermore we can add the Chern-Simons interaction to gauge the
Sp(N) global symmetry as done in O(N)/U(N) vector models [71–73]. This interaction
produces a parity-violating effect, and a dual gravity theory is conjectured as an interacting
higher spin gravity theory [28, 74]. It would be interesting to test these conjectures from
the flow equation approach and explore connection of different approaches of gravity on de
Sitter spacetime [75–80] by incorporating techniques developed in this paper.
We hope to give a new clue to solve the cosmological constant problem and to report
progress on these issues in the near future.
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A Derivation of (3.4)
In this appendix we give a brief derivation of (3.4). This may be instructive to understand
why in the flow equation approach operators are smeared not in the causal wedge but in
all the imaginary direction.
For this purpose we first prove a key equation such that the two point function of the
flowed field is given by smearing the two point function of the original field:
〈
χa(x1; ξ1)χ
b(x2; ξ2)
〉
=
∫
Rd
ddxˇ′1ρ(xˇ12, xˇ
′
1; ξ1 + ξ2)
〈
χa(x′1)χ
b(x′2)
〉
. (A.1)
In what follows, we suppress the integration region for simple description if it is the total
Euclidean space. To show this, we first substitute (3.3) into the left hand side.
〈
χa(x1; ξ1)χ
b(x2; ξ2)
〉
=Ωab
∫
ddxˇ′1d
dxˇ′2e
− (xˇ1−xˇ
′
1)
2
4ξ1
1
(4piξ1)
d
2
e
− (xˇ2−xˇ
′
2)
2
4ξ2
1
(4piξ2)
d
2
F0(x12 + ixˇ
′
12),
where we set F0(x) =
C
((xk)2)∆
with ∆ = d−2
2
. We change the integration variables so that
xˇ′k± =
xˇk1±xˇk2√
2
. Then
〈
χa(x1; ξ1)χ
b(x2; ξ2)
〉
=
Ωab
(4piξ1)
d
2 (4piξ2)
d
2
∫
ddxˇ+d
dxˇ−e
−
(xˇ1−
xˇ++xˇ−√
2
)2
4ξ1
−
(xˇ2−
xˇ+−xˇ−√
2
)2
4ξ2 F0(x12 + i
√
2xˇ−).
We perform the integration in terms of xˇ′k+ by gaussian:
〈
χa(x1; ξ1)χ
b(x2; ξ2)
〉
=
Ωab
(4piξ1)
d
2 (4piξ2)
d
2
(
8piξ1ξ2
(ξ1 + ξ2)
) d
2
∫
ddxˇ−e
−
(
xˇ−−
xˇ1−xˇ2√
2
)2
2(ξ1+ξ2) F0(x12 + i
√
2xˇ−)
=
Ωab
(4pi(ξ1 + ξ2))
d
2
∫
dd(
√
2xˇ−)e
− (
√
2xˇ−−xˇ12)
2
4(ξ1+ξ2) F0(x12 + i
√
2xˇ−).
This proves (A.1). Then let us compute
I(x12, xˇ12; ξ+) :=
∫
ddxˇ′−ρ(xˇ12, xˇ
′
−; ξ+)F0(x12 + ixˇ
′
−), (A.2)
where ξ+ = ξ1 + ξ2. By using the Schwinger parameterization
1
λs
=
1
Γ(s)
∫ ∞
0
dtts−1e−λt, (A.3)
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for Res > 0, the integration can be written as
I(x12, xˇ12; ξ+) =
C
i2∆(4piξ+)d/2
∫
ddxˇ′e
−(xˇ12−xˇ′)2
4ξ+
1
Γ(∆)
∫ ∞
0
dtt∆−1e−(xˇ
′−ix12)2t. (A.4)
For ξ+ > 0, the integration in terms of xˇ
′k can be performed to give
I(x12, xˇ12; ξ+) =
C
i2∆(4piξ+)d/2
1
Γ(∆)
∫ ∞
0
dtt∆−1(
√
4piξ+√
1 + 4ξ+t
)de
− t(ix12−xˇ12)
2
4ξ+t+1 . (A.5)
Changing the parameter by 4ξ+t =
v
1−v , we find
I(x12, xˇ12; ξ+) =
1
i2∆(4pi)
d
2 ξ∆+
∫ 1
0
dvv∆−1e
− (xˇ12−ix12)
2
4ξ+
v
. (A.6)
This derives (3.4).
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